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INSPECTING OPTICAL MASKS WITH 
ELECTRON BEAM MICROSCOPY 

CROSS REFERENCE 

This application is a cootuiuation application of an appli- 
cation that is assigned to the same assignee that is entitled 
"INSPECTING OPTICAL MASKS WITH ELECTRON 
BEAM MICROSCOPY" having Ser. No. OS/252,763 filed 
oo Jun. 2, 1994, now abandoned, which is a continuation, 
in-part application of an application entiled "ELECTRON 
BEAM INSPECTION SYSTEM AND METHOD" having 
Sex No. 07/889,460 filed May 27, 1992, now abandoned. 

This application is farther related to another application 
that is assigned to the same assignee entitled ^ELECTRON 
BEAM INSPECTION SYSTEM AND METHOD" having 
Ser. No. 08/214377 filed on Mar. 17, 1994, U.S. Pat. No. 
5,502306, which is continuation of a now abandoned appli- 
cation having Ser. No. 07/710351 filed oo May 30. 1991. 

FIELD OF THE INVENTION 
This invention relates to the automatic inspection of 
substrates of various descriptions used in the making of 
imcro-circuits and particularly the inspection with an elec- 
tron beam of phase shift masks 

BACKGROUND OF THE INVENTION 
A prerequisite of inicxcMircuit production with a reason- 
able yield is defect free masks and wafers to be used in the 
production process. Over the past 12 years a number of 
optical systems have been developed, and patented for the 
automatic inspection of optical masks and wafers (See U S 
Pat Nos. 4,247,203, 4,805,123, 4,618.938 and 4.845.558)! 
These systems optically perform a comparison between two 
adjacent dice oo a photomask, reticle or wafer. Similarly, 
technology has evolved to inspect a die against a CAD 
database (See U.S. PaL No. 4,926,487). These optical sys- 
tems are, however, limited to optical masks because defects 
on X-Ray masks may not be apparent in the visible or 
ultraviolet spectrum. Furthermore, optical inspection is lim- 
ited in its resolution capability by the fundamental diffrac- 
tion limit that of course also limits optical lithography. Even 
with phase shift mask techniques it is expected that line 
widths below 035 microns cannot be achieved with optical 
lithography techniques and that X-Ray Lithography will 
dominate for line widths smaller than that 

Advances in optical Uthography for the manufacturer of 
nricrocircuiU have permitted increasingly smaller and 
smaller line widths. As an example, for a 256 megabyte 
DRAM, the line width on the wafer, is between 0.25 and 
035 micrometers. For line widths of this size, phase shift 
masks are used in the manufacture of the semicx>octactcr 
devke, These masks typically have a quartz base, a pat- 
teraed chrommm layer oo the surface thereof, and phase 
shift wells selectively etched into the substrate. Aphase shift 
may also be produced by patterned, optically transparent, 
material placed on the quartz substrate or the chromium 
layer of the phase shift mask. 

The inspection of masks that are used to produce very fine 
line widths oo the semiconductor to be rroctoced, inch as the 
type of masks referred to above, requires the detection of 
defects in the patterned chronrium layer, as well as the 
measurement of the depth of trenches or wells, both wanted 
and unwanted; in the quartz. Additionally, it is necessary to 
be able to detect the presence or absence of defects in the 
quartz which is also referred to in the art as the phase shift 
material 
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Typically, phase shift masks, because they we optically 
tranainissive and designed for ose optically, art inspected 
using optical techniques. Those optical inspection tech- 
niques have proven to be frequently inadequate for the 
masks that can produce newer fine-line patterns because of 
the tinrititiofis in resolution of the prior art optical inspection 
methods. *^ 

The co-pending application from which this application is 
a continn ara on-in-part application, as identified above, 
desoibei an election microscope inspection system and the 
use of that system to inspect primarily x-ray masks and 
wafers- One shortcoming of election scanning in those 
systems in the past is that they did not measure the optical 
phase shift related to the depth of a well or trench in a known 
material of the mask or wafer. 

SUMMARY OF THE INVENTION 

la accordance with the preferred embodiments of the 
present invention, there is disclosed a method and apparatus 
for a charged particle scanning system and an automatic 
inspection system to inspect optical phase shift masks using 
an electron beam delivered in a charged beam column In 
one embocfimeat there is an automatic system and method 
for the automatic inspection of an optical phase shift mask 
by delivering and scanning a charged particle beam on the 
surface of the mask, detecting backscattered and secondly 
electrons emanating from the top surfaces of the mask, and 
processing those waveforms to determine the features of the 
mask and to make a determination as to the presence or 
a bsence of defects by comparison to an other similar pattern 
on a mask or a data base for production of the mask under 
inspection. 

In the present invention, a method and apparatus is 
disclosed to measure the depth of wells in phase shift masks 
used to produce the desired phase shift, and thereby detect 
any error in phase shift that would be produced if that mask 
were used. 

The present invention also allows for the detection of 
either the presence or the absence of the phase shift 
and can determine the thickness of that material in a p hase 
shift mask. 

BRIEF DESCRIPTION OF THE DRAWINGS 

HO. lis an over-all block diagram of the system of the 
present invention. 

FIG. 2 is a graphical representation of the scan patten 
used by the present invention for die-to-database inspection. 

FIG. 3a is a graphical representation of the scan pattern 
used by the present invention for die-to-die inspection. 

FIG. 3b is a graphical representation erf me nuiltirrie frame 
scan integration technique of the present invention used to 
acquire images that are averaged over several scan fields, 

FIG. 3c is a graphical representation of the n ominal 
X-deflection value for the beam as a function of time during 
ae scan depicted in FIG. 36. 

3d is a graphical representation of the X-coo rdinntc 
of the beam on the substrate as a function of time during the 
scan depicted in FIG. 36. 

FIG. 4 is a schematic representation that shows the 
f un c tio nal dements of the electron optical column and 
collection system. 

FX2. 5 is a simplified schematic representation of the 
palfcsof the primary, secondary, back-scatter and transmitted 
electrons through the electron optical column and collection 
syatem shown in FIG. 4. 
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FIG. 6 is a amplified schematic representation of a 
mom-Head electron gun and vacuum configuration. 

FIG. 7 is a block diagram of the positioning control 
subsystem of the present invention. 

FIG. 8 is a schematic representation of the vacuum system 
of the present invention. Jwm 

FIG. 9 is a block diagram of the analog deflection system 
of the present invention. 

FIG. lOisaWocktogramoftnen^^ 
invention as shown in FIG. L 

FIG. 11 is a block diagram of the acquisition pre- 
processor of the present invention. 

FIG. 12 is a modified schematic representation of the 
optical column of FIG. 4 to illustrate the electrical compo- 
nents of the plasma oxidizer subsystem of the present 
invention. p 

FIG. 13 is a cross-section view of a phase shift mask 
having a patterned chromium layer on a quartz substrate 
with phase shift producing well etched into the quartz 
substrate. 

FIG. 14 is a cross-section view of a phase shift mask 
haying a patterned chromium layer on a quartz substrate 
being bombarded at two locations by an electron beam with 
tear drop patterns superimposed thereon to illustrate the 
extent of penetration of the electron beam into quartz and 
chromium 

FIG. 15 is a composite drawing of the cross-sectioned 
mask of FIG. 13 together with the secondary and backscatter 
electron waveforms aligned with the physical structure of 
the mask to illustrate which portions of each waveform 
results from the corresponding physical feature of the mask 

FIG. 16 is a simplified objective lens portion of the 
electron beam column of FIG. 4 to illustrate one placement 
of an annular backscatter detector within the column to 
capture the backscatter electrons of interest from a phase 
shift mask. 

FIG. 17 is a composite drawing of a cross-sectioned mask 
having a patterned chromium layer that partially overhangs 
a well in the substrate together with the secoodaryand 
backscatter electron waveforms aligned with the physical 
structure of the mask to illustrate which portions of each 
waveform results from the corresponding physical feature of 
die mask. 

FIG. 18 is a composite drawing of a cross-sectioned mask 
having a patterned quartz layer on a quartz substrate together 
with the secondary and backscatter electron waveforms 
aligned with the physical structure of the mask to illustrate 
which portions of each waveform results from the corre- 
sponding physical feature of the .mask. 

DESCRIPTION OF THB PREFERRED 
EMBODIMENT 
SYSTEM OVERVIEW 

The present invention provides an economically viable, 
automatic charged particle beam inspection system and 
method for the inspection of wafers. X-ray masks and 
sumlar substrates in a production environment- While it is 
expected that the predominant use of the present invention 
will be for the inspection of wafers, optical masks. X-ray 
masks, electron-bearn-proximity masks and stencil masks, 
the techniques disclosed here are applicable to the high 
speed electron beam imaging of any material and further- 
more are useful for electron beam writing to expose photo- 
resist material in the manufacture of masks or wafers. 
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There are two basic modes of operation, depending upon 
whether the substrate is insulating or conducting. A * Trigh 
voltage mode" is primarily intended for the inspection of 
conducting or cooductrvery coated X-ny masks, B-beam 
proximity steadl mulct or wafer prints. In this mode, a high 
voltage tanning beam can be used because the surface 
cannot charge. A low voltage mode" is primarily int^y^ 
for the inspection of in-process wafers that include layers of 
non-conducting materials and of optical masks. In this 
mode, the use of a lower voltage «r»nm Wg beam "^rrrirri 
both charging and damage effects. Except for these 
differences, both modes use similar high speed strategies for 
finding and classifying defects. 

The requirement of economic viability excludes present 
scanning electron microscopes because these devices have 
scanning speeds that are too slow and also require operator 
skills that exceed the skills of much of the available work 
force 

A novel feature of the present invention is its ability to not 
only detect various types of defects but to differentiate 
between them. By virtue of the present invention being able 
to simultaneously detect and differentiate between 
backacattered, transmitted and secondary elections in Tiigh 
voltage mode", defects can be classified readily. Aa an 
example, a defect detected by only the transmission detector 
on an X-ray mask is probably a void in the absorptive 
material A defect detected by the secondary electron detec- 
tor but not by the back-scattered electron detector is most 
likely an organic particle, and a defect detected by the 
back-scatter electron detector is very likely a contaminant of 
a high atomic weight Because some types of defects, such 
as organic contaminants on X-ray masks, do not print on the 
wafer, the ability to differentiate between various types of 
defects is a significant advantage of the present invention. 
The present invention therefore permits not only the detec- 
tion of defects but the ability to classify them 

The system also employs a number of techniques to make 
it suitable for semiconductor manufacturing operations. To 
avoid contaminants being stirred up, the pump down and 
reprcssurization speeds are limited and the gas flow is kept 
laminar. In order to save time, these operations are done 
concurrently with the scanning of another sample, lb further 
reduce unproductive time, six field emission sources are 
mounted on a turret. Finally, all the major adjustments of the 
electron beam, usually handled by an operator, are done by 
a computer, thereby permitting the use of the system by 
someone of relatively low skill level 

In FIG. 1 there is an overall block diagram of an inspec- 
tion system It of the present invention. In system It an 
automatic inspection apparatus of X-ray masks, wafers, and 
other substrates, is shown which uses a inning electron 
microscope as its sensor. 

The inspection system has two modes of operation: die- ' 
to-die and die-to-database, In both modes, defects are 
detec t ed by comparing an electron beam image derived from 
•caoaiag the substrate against a standard. In die-to-die 
inspection, signals from two dice of the same substrate are 
compared with each other, whOe in die-to-database inspec- 
tion fee signal from one die derived from the election 
a d croacop e is compared with a signal that is derived from 
dsn database which typically is the one that was used to make 
the die. 

Substrate 57 to be inspected is held in a holder which is 
automatically placed beneath electron beam column 2ft on 
x-y stage 24 by substrate handler 34. This is accomplished 
by commanding substrate handler 34 by system computer 3* 
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to remove the substrate 57 of interest from t cassette with 
the flat 59 or notch (see FIGS. 2 and 3a) on substrate 57 
being de t ecte d automatically to properly orient the substrate 
57 in handler 34. The substrate is then loaded under column 
21. Next, the operator visually observes the mask through 
optical alignment system 22 to locate the alignment points 
oo the substrate (these may be any operator selected features 
on the substrate) to ensure that the x-directkxul motion of 
the stage is substantially parallel to the x-axis of the care 
area of the substrate patterns, Lc, the area of imprest for the 
inspection. That completes the coarse ali gnmen t 

Fine alignment is subsequently achieved by the operator 
scanning the substrate with the electron beam and observing 
the image on image display 46. All alignment data is then 
stored in alignment compter 21 which works in cooperation 
with system computer 34 for calculation of the actual 
combined x and y motions necessary to scan the die along 
its x and y axes so that no further operator alignment action 
is required for inspections of the same type of substrates. 
Once the substrate is properly aligned, the inspection pro- 
cess is initiated. 

Column 20 and its optical alignment system 22, analog 
deflection circuit 3* and detectors 32 (as described more 
completely below) then direct an electron beam at substrate 
surface 57 and detect the secondary electrons, the back- 
scattered electrons and those which pass through substrate 
57. That operation and the data coUecttoo from that exposure 
is performed by column control computer 42, video frame 
buffer 44, acquisition pie-processor 48, deflection controller 
5t, memory block 52. VME bus, VME1, 29, serves as the 
communication Hnk between the subsystems. 

The position and movement of stage 24 during the inspec- 
tion of substrate 57 is controlled by stage servo 26 and 
interferometers 28 under the control of deflection controller 
54 and alignment computer 2L 

When the comparison mode is die-to-database, database 
adaptor 54 in communication with memory block 52 is used 
as a source of the signal that is equivalent to the expected die 
format 

The actual defect processing is performed on the data in 
memory block 52 by defect processor 56 in conjunction with 
post processor 58, with the communication between these 
blocks being via bus VME2, 31. 

The overall operation of the system is performed by 
system compete* 36, user keyboard 40 and computer display 
38 in communication with the other blocks via a data bus 23 
which may be similar to an Ethernet bus. (Ethernet is a 
trademark of Xerox Corp.) 

Next FIG. 2 illustrates the scan pattern of the present 
invention for the inspection in the die-to-database mode. 
Here a single die 64 is shown on substrate 57. Within die 64 
there is a care area 65, or area of significance, that is to be 
inspected. This area is the area where the critical information 
is recorded on substrate 57. During the inspection of die 64 
the effective scanning motion in the x-directkm is provided 
by moving stage 24 and the effective motion in the 
y-directioc is provided by deflection of the election beam 
within each swath which is as wide as the illustrative swath 
6t. When the inspection swath reaches the right side of die 
64, stage 24 is moved in me y direction lesi than a full swath 
width. Since the x-y coordinate system of substrate 57 may 
not be aligned exactly with the x-y coordinates of stage 24 
and column 20, the actual movement of stage 24 and the 
deflection of the beam of comma 2i wifl each have an x and 
y component during the scanning of a die 64. 

lb fuQy inspect the care area 65, the inspection is per- 
formed in a bade and forth pattern 62 with each of the passes 



J 



6 

illustrated by pattern 62 being a swath that slightly overlaps 
the adjacent swath with the swath having a width of that of 
illustrative swath 6L 

In the die-to-database mode the signal cooespooduig to 
each swath is c o mpare d with the simulated signal derived 
from database adapter 54 f or a oontspooding swath of a 
perfect die. This procedure is repeated for each of the swaths 
in care area 65 being inspected before the next die is 
inspected. 

FIG. 3a illustrates the scan pattern for die-to-die 
inspection, and for proposes of OlustnUiocL, substrate 57 is 
shown with dies 68, 70 and 66. in that order from left to 
right In this inspection mode, similar to that shown in PIG. 
X a back and forth scan pattern 63 is used. However since 
the inspection mode here is die-to-die, stage 24 is not 
advanced in the y direction until all three of the dice (as pa 
this illustration) are (ravened in the x direction along each 
of the swaths. 

In this mode of comparison, the data of the first pass of die 
68 is stored in memory block 52 for comparison with the 
data from the first pass of die 7t as it is made. At the same 
time that the comparison between dice 68 and 70 is being 
made, the data from die 7t is stored in memory block 52 for 
comparison with the data from the first pass of die 66. Then 
on the second, or return, pass the order is reversed with the 
data from the second pass of die 66 being stored for 
comparison with die data from die 70, which is then stored 
for comparison with the second pass of die 68. This pattern 
of inspection and comparison is then repeated as many times 
as necessary to inspect all of the care areas ctf substrate 57. 

Sometimes it is necessary to obtain images using a 
multiple scan integration technique, where each pixel is 
exposed far a longer time interval Conventional scanning 
microscopes usually use slow scan techniques that extend 
the dwell time before the beam moves to an adjacent pixel 
In this system, substrate heating and charging considerations 
make it undesirable to reduce the rate at which pixels are 
recorded. 

Sometimes it is necessary to integrate multiple scans to 
obtain images with sufficient contrast or to improve the 
image signal-to-noise ratio. The signal-to-noise ratio is 
improved by averaging, for each pixel, the signal values 
from a number of scans cf the same position on the substrate. 
The image contrast in low voltage mode," which will be 
described in detail in the ELECTRON OPTICS section of 
this system overview, can also be improved by scanning the . 
substrate nearby between die times that the electron beam 
revisits die site cf a p"tir«W pixel on the substrate. The 
contrast improvement in low voltage inspection of noncon- 
ductrve substrates, as shall be explained in the ELECTRON 
OPTICS section, is accomplished by permitting secondary 
electrons, generated when nearby regions are scanned, to 
replace electrons at the particular pixel site between times 
the beam revisits. In addition, for some temperature- 
sensitive substrate materials, it is <Wirehlc to have a time 
interval between beam scans of a pixel site in order to permit 
the heat deposited by the beam to dissipate. 

FIG. 36 is a graphical representatioa of an example of the 
•canning method employed by the present invention. The 
figure shows how a region is *^nnH four times for signal 
averaging by deflection of the beam to cover a series of 
512-by-m pixel rectangles. The center of each successive 
rectangle is shifted by m/2 pixels along the direction of stage 
motion. 

FKj. 3b shows an example of the overlapping frame scan 
technique employed in die present invention for signal 
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averaging, contra* improvement, and beat dissipation. In 
the example shown, each pixel is scanned four times. Each 
scan line is 512 pixels long in the Y-direction. For overlap* 
ping frame scans, a series ofm side-by-side lines, numbered 
1 to m is scanned on the substrate. The X-direction spacing 
between lines is set equal to the pixel size and the hneThave 
successively larger X coordinates. 

FIG. 3c is a graphical representation of the nominal 
X-deflection value for the beam as a function of time during 
the scan depicted in FIG. 3b. The horizontal direction is the 
time axis, the vertical direction is the X position. 

FK3. 3c shows the staircase-like output of the X deflection 
system used to deflect the beam. After m lines have been 
scanned, the scan is retraced in the X direction, as shown in 
FIG. 3c. The X velocity of the stage carrying the substrate 
under the deflection system is adjusted so that when the 
beam retraces in the X direction, the position of next scan 
line coincides with line number (m/4+1) of the first m lines. 
In the example of four res cans for this description* the stage 
moves the substrate in the X-direction a distance of m pixel 
widths in the same time that the beam scans four successive 
5 12-by-m rectangles. 

FIG. 3d is a graphical representation of the X-coordinate 
of the beam on the substrate as a function of time during the 
scan depicted in FIG. 3b. The horizontal direction is the time 
axis, the vertical direction is the X position of the beam, 

FIG. 3d shows the X-coordinate of each successive scan 
line on the substrate as a function of time. What is shown is 
that the combination of the stage moving the substrate under 
the deflection system and the deflection system moving the 
scan lines in back and forth in the X direction in the 
deflection field results in the beam scanning the position of 
each line on the substrate four times. By reccrding image 
data in memory Week; 52 and averaging from appropriate 
memory addresses, average data can be presented to the 
defect processor 56 and to alignment computer 21. Although 
we have used four as an example of the number of averages 
in this description, the number of scans combined in practice 
and the number of lines-per-frame m are chosen to produce 
the best combination of noise reduction, contrast 
enhancement, and inspection throughput 

The y direction scan (perpendicular to stage motion) is the 
same as that used for single pass imaging. Here the scan 
advances one pixel D per exposure interval L For single pass 
imaging, using a 512 pixel wide swath, the stage velocity 
IV5 12t is chosen so that the stage also advances one pixel 
Airing each scan. During multipass imaging, the scanning 
beam as seen from the substrate must also advance at this 
rate erf D/512t microns/sec in order to record square pixels. 
To record images with n pixel exposures per pass, the stage 
advances mere slowly at a rate of less than D/512nt, and a 
stepwise scan in the direction of stage motion is applied, so 
as to advance the beam an additional (1-1/n) D microns 
ouring scan time 512L After a variable number m steps, the 
x scan is retraced. Thus the scan trajectory is a 5 12x(l-l/n)m 
rectangular frame. When viewed from the substrate surface, 
one sees the overlapping frame pattern shown in PIG. 36. 
The time interval between multiple exposures of each image 
pixel is 5l2mt So long as m is chosen greater than n, one 
can independently vary both the number and repetition rate 
of pixel rescans. By recording image data in memory block 
52, and averaging data from appropriate addresses, the 
averaged data can be presented to the defect processor 56 as 
though it had been recorded in a single, slower pass. The 
ad v an tage of this techniq ue is the parameters can be adjusted 
so that the substrate has an optimum time to reach equilib- 
rium between pixel exposures. 
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In more detail then, referring again to FIG. 3a, using the 
die-to-die mode far fflnstration, as the electron beasnscans 
a swath of dice 68 and 70. signals 33 from the three types 
of detectors are transmitted to acquisition pre-fxtxeuor 48 
where they are converted to digital signal* for storage in 
memory blocs: 52. Data from dice €8 and 78 are rinaUu- 
neously transmitted to defect processor 56 where any tig. 
nificant discrepancy between the two data streams is then 
designated as a defect The accumulation of the defect data 
from the defect processor 56 is then transferred and coo- 
s oli date d in postprocessor 58. It is the post-processor that 
determines the size and various characteristics of the defects 
and makes that information available to system computer 36 
via bus 23. 

In the die-to-database inspection mode, system 10 oper- 
ates similarly except that memory block 52 receives data 
from only one die and the reference data for comparison in 
defect processor 56 is provided by database adaptor 54, 

After the entire substrate has been inspected, a list of 
defects, together with their locations, is displayed on com- 
puter display 38, and the operator can then initiate a defect 
review via keyboard 40. In response to this command, 
system 10 locates and scans the neighborhood of each defect 
and displays the image to the operator on image display 46. 
SCANNING OPTICS ^ 7 

The much greater, by a factor of almost 100 higher, 
imaging speed is achieved throu gh the combination of some 
key elements and the special design of column 20. The first 
and foremost prerequisite in achieving a higher ima g i ng 
speed is a much higher beam current, since signal to noise 
considerations are one of the fundamental limitations in the 
speed of scanning. In the present invention, a high bright- 
ness thermal field emission source is used to produce a very 
high angular beam intensity and a very high resultant beam 
current. However, a high electron density results in mutua l 
coulomb repulsion. To combat this, a high electric field is 
introduced in the vicinity of the cathode, and the beam 
diameter is also quickly enlarged. In the column there are 
also no electron cross-overs which would increase the 
charge density in that area and a large numerical aperture is 
employed, to again minimize coulomb repulsion problems. 

A requirement for scanning the mask at a high rate such 
as 100 Megapixels per second, is for the detector to be able 
to temporally separate the secondary (return) electrons origi- 
nating from two successively scanned pixels. This implies 
the need f or a very short spread in arrival time in comparison 
with the dwell time on each pixel To minimize the time of 
arrival spread from each pixel, the electrons are accelerated 
soon after leaving the target The resultant arrival time 
spread at the detector is consequently held to about 1 
nanosecond. T6 further minimize the arrival time spread, 
reverse biased high frequency Shottky barrier detectors, one 
for each type of election to be detected, are employed 
(Shottky detectors are included here for illustrative 
purposes, however, there are other types of scmicoodoctor 
detectors that could also be used). 
ELECTRON OPTICS 

The electron optical subsystem is functionally similar to 
a scanning electron mkaoscope. It provides the scanned 
electron beam probe and secondary, transmission and back - 
scattered electron detection elements necessary to form 
images of the substrate surface. During inspection, the 
electron beam is scanned in one direction while the stage is 
moved in the perpendicular direction. Either low voltage 
secondary electrons, or high energy transmitted electrons or 
back-scattered electrons are used to form a video si gnal that 
is digitized and stored in the form of long, narrow swath 
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images. As well as being unique in its tppikxtkn fa- 
automated defect dctccti oo at high resolution, the novelty of 
this optics system lies in the combination of new and prior 
art technology used to obtain high speed, low noise images 
£ the resolution necessary for inspection. 

The beam is typically scanned over a field of 512 pixels 
(18-100 micrometer width) using a very fast 5 rmcraecoods 
period sawtooth scan. The deflection is largely free of 
distortion and is substantially perpendicular to the surface 
so that the imaging characteristics are uniform over the scan 
field. 

Detection is highly efficient so that nearly all of the 
secondary electrons generated by each electron in the probe 
are used to form the image. The bandwidth of the detection 
system is comparable to the pixel rate, due to the short transit 
time effects. Extraction of secondary electrons is coaxial so 
that edge features are imaged identically regardless of their 
orientation upon the substrate. 

FIG. 4 shows the elements of the optical subsystem and 
some of the associated power supplies necessary for under- 
standing its function. The electron gun consists of a thermal 
field emission cathode 81, an emission control electrode 83, 
and an anode 85 having an anode aperture 87. Cathode SI 
is held at a voltage of -20 KeV by power supply 89. 
Emission current, which depends upon the electric field 
strength at the surface of cathode 81, is controlled by the 
voltage on electrode 83 via bias supply 91, which is negative 
with respect to the voltage on cathode 8L Cathode 81 is 
heated by current supply 93. A magnetic condenser lens 95 
near cathode 81 is used to colliroate the electroo beam. An 
upper deflection system 97 is used for alignment, stigmation 
and blanking. The optics are further apertured by beam 
limiting aperture 99 consisting of several holes. The beam 
100 is deflected by a pair of electrostatic pre-lcns deflectors 
Itl and 1#3, causing the beam to rock around a point above 
the objective lens 104. Objective lens 1*4 consists of lower 
pole piece 106, intermediate electrode 107 and upper pole 
piece 105. In the high voltage mode of operation only the 
magnetic elements 105, 106 of the objective lens are used to 
focus the probe. The beam is eventually scanned tdecentri- 
calty over substrate 57. The approximately parallel beam is 
refocussed by the objective lens 104, forming a lx magni- 
fied image of the source that ifluminates substrate 57. 

In the high voltage secondary electron imaging mode, 
secondary electrons are extracted up through the objective 
lens 104. Stage 24, substrate 57 and lower lens pole piece 
106 are floated a few hundred volts negative by power 
supply 111 so that secondary electrons are a«elerated to this 
energy before passing through deflectors 112 and 113. The 
intermediate electrode 107 is biased positive with respect to 
the stage via supply 115, and is used to accelerate the 
electrons as soon as they leave the substrate and to aid in the 
efficient collection of secondary electrons that emanate from 
depressed areas on the substrate. This combination of a 
floating stage 24 and an intermediate electrode 107 virtually 
eliminate any spread in electron arrival times at secondary 
electron detector 117. As they pass back up through the lens 
104, the returning secondary electrons are deflected by 
deflectors 112 and 113 which act together as a Wiea filter, 
and into detector 117. Here the return beam is reacceierated 
to higher energy by power supply 119 in connection with 
anode 118 of detector 117 to cause the secondary electrons 
to impact the Shottky barrier solid state detector 117 at an 
energy level that is sufficient for amplification. Anode 118 of 
detector diode 117 is reverse biased by power supply 121. 
The amplified signal from detector diode 117 men passes to 
preamplifier 122 after which it is transmitted tolhe video 
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acquisition preprocessor 48 (see FIG 1) tod associated 
electronics via a high voltage insulating fiber optic link 124. 
This signal constitutes the secondary electron component of 
signal 33 in FIG. L 

To allow inspection of partially transparent substrates, a 
transmission electron detector 129 is located below stage 24. 
Transmitted electrons pass through sobstrate 57 at high 
energy and do not require reacceleratioo. The transmission 
electrostatic lens (consisting cf upper element 123, middle 
element 124 and Iowa dement 127) is used to spread the 
transmitted electron beam to a diameter suitable for detec- 
tion by solid state detector 129. Electrode 123 is held at the 
same potential as stage 24, while electrode 124 is held at 0 
to -3 KV by power supply 114 The signal from transmitted 
electron detector 129 is amplified by amplifier 133 and 
transmitted by fiber optic link 135 which is the transmitted 
electron component of 33 in FIG. 1. 

The optical system is also designed to allow the collection 
of back-scattered electrons which leave the substrate surface 
at nearly the same energy level as primary electrons. Back- 
scattered electron detector 160 is a Shottky barrier diode 
detector similar to detector 117 that it is located to the side 
of the beam axis. Somewhat differed settings of the elec- 
trostatic and magnetic Wien filter deflectors 112 and 113, 
cause this beam to be deflected to the left onto the solid state 
detector Iff, where the signal is amplified by pre- amplifier 
142 and passed to preprocessor 48 (see FIG. 1). 

For imaging with low voltage beams in the range of 
500-1500 eV, elements of the objective lens system are 
biased considerably differently, and two specific new de- 
ments sre used. Primary beam electrons are decelerated 
within the objective lens by floating the substrate 57, lower 
objective lens pole piece 106 and intermediate electrode 107 
at about -19 Kv by means of supply 11L This technique 
allows the beam to be decelerated only near the end of its 
path, avoiding aberration and column interaction effects that 
would greatly degrade the image if the entire beam path 
were operated at lower beam energy. Under these conditions, 
the decelerating field between pole pieces 115 and 104 
creates a considerable focussing effect An additional snor- 
kel lens 125 with a single active pole piece below the 
substrate provides most of the additional magnetic focussing 
field near the surface. The return flux of this lens passes 
throogh pole piece 106 to the outer shell of the snorkel lens. 
In addition to providing focussing, the strong magnetic field 
at the substrate assists in extracting low energy secondary 
electrons from deep features, and tends to keep the second- 
aries ceffimated as they are reaccelerated up the objective 
lens bore 104. 

In the low voltage imaging mode, secondary electrons 
that leave the substrate at about 5 eV are reaccelerated to 
about 19 KeV within the objective lens. To minimize 
charging, it is desirable that these electrons pass throogh a 
short field free region near the surface. In the low voltage 
mode the leakage field from the objective lens would create 
an accelerating field at the substrate surface 57 were it not 
for the voltage level on intermediate electrode 107. In the 
low voltage mode, intermediate electrode 107 is biased 
negative with respect to electrodes 106 creating a field free 
region that can be adjusted by supply 115 for optimum low 
voltage imaging. After reacceleratioo, the secondary elec- 
trons pass through the Wien filter deflectors 112 and 113 
where they are deflected to the left ooto the same detector 
160 that is used for backscattcr imaging in hi gh voltage 
mode. Thus the detected signal at preamplifier 162 consti- 
tutes the most important image signal used for inspection of 
wafers at low voltage. Detectors 117 and 129 are not used in 
this mode for wafer inspection. 
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FIG. 5 shows a schematic diagram of the various electron 
beam paths within column 20 and below substrate 57. 
Electrons are emitted radially from field emission cathode 
81 and appear to originate from a very small bright point 
source. Under the combined action of the accelerating field 
and condenser lens magnetic field, the beam is collimated 
into a parallel beam. Gun anode aperture 87 masks off 
electrons emitted at unusable angles* while the remaining 
beam continues on to beam limiting aperture 99. Upper 
deflector 97 (FIG. 4) is used for stigmation and alignment, 
ensuring that die final beam is round and that it passes 
through the center of the objective lens consisting of ele- 
ments 105, 106 and 107 (FIG. 4). Condenser lens 95 (see 
FIG. 4) is mechanically centered to the axis defined by 
cathode 81 and limiting aperture 99. The deflection follows 
the path shown, so that the scanned, focussed probe (beam 
at point of impact with me substrate) emerges from the 
objective lens 104. 

The diameter of the scanning beam 100 and its current are 
determined by several factors. The angular emission from 
die source (1.0 Ma/steradians), and the aperture angle 
defined by final aperture 99 determine the beam current. The 
probe diameter is determined by aberrations in both lenses, 
which are designed for high excitation (field width/focal 
length) to minimi7jr, both spherical and chromatic aberration. 
The effect of beam interactions (Le. statistical binning due 
to repulsion between individual beam electrons) are also 
important in this high current system, accounting for about 
half the probe size on substrate 57. These effects are mini- 
mized by avoiding intermediate crossovers, by using a short 
beam path (40 cm.) and by using lenses with relatively large 
half angles at the source and substrate 57. To obtain a given 
spot size, the aperture diameter is chosen to balance all these 
effects while providing maximum possible current In this 
system spot size is primarily adjusted using the aperture, 
although it is possible to change lens strengths to magnify or 
de magnify the beam from the source. 

In High Voltage mode. Wien filter deflectors 112 and 113 
(see FIG. 4) deflect the approximately 100 eV secondary 
electron beam 167 into detector 117 without substantially 
influencing the higher energy scanning beam 100. The Wien 
filter consists of electrostatic octopole deflector 112 and 
quadrupole magnetic deflector 113, arranged so that die 
electric and magnetic fields are crossed (perpendicular to 
each other). Returning secondary electrons are deflected 
sideways by both fields. However, since primary scanning 
electrons 100 are travelling in the opposite direction, the 
strength of these fields may be chosen so that the Wien filter 
exerts no force upon the primary scanning beam 100 even 
though it deflects the secondary beam 167 through a large 
angle. This so called "Wien filter" is used effectively for 
coaxial extraction. The anode 118 of secondary electron 
detector 117 is shaped so that during ^acceleration, beam 
1*7 is collected and refocussed upon the collector of solid 
state detector 117. 

The paths of detected transmitted and back-scattered 
electrons are also shown in FIG. 5. To detect back-scattered 
electrons in high voltage operation, and secondary electrons 
in low voltage operations, the Wien filter 112 and 113 is 
excited differently, so that these electrons follow the path 
shown up the system to the back-scatter detector 160. When 
partially transparent masks are imaged, electrons can also 
pass through the substrate surface 57 without losing all their 
energy. These transmitted electrons pass through electrode 
system 123 and 124 (FIG. 4) which acts as a lens to spread 
out the transmitted beam 108 before it hits the detector 129. 
When transmitted signals are to be obtained in the high 
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voltage mode, t hole in the S norkel lens US allows tbcm to 
pass without rubstantially influencing the leu field neces- 
sary for low voltage secondary imaging. 

In low voltage mode operation, where the substrate 57 and 
electrodes 106, 107 are floated at high voltage, the objective 
lens operates quite differently even though the beam path* 
are rimflaz Snorkel leu 125 applies a magnetic field whkh 
extends through the substrate 57 and into pole piece 10* 
above. As the electrons decelerate in the field between 
electrodes 105, 1*6 and 107, further refraction occurs result- 
mg in a relatively short effective focal length. Tins kind of 
decelerating immersion lens has remarkably low aberra- 
tions. It differs from conventional cathode lenses nsed in 
emission microscopy, insofar as electrode 107 is biased 
negatively to form a short electric field free region near 
substrate 57. With this electrode, it is possible to bias the 
surface in such a way that some low energy secondary 
effects* 5 re * ani t0 substraic to QcutraliM charging 
Those secondary electrons that escape the field free region 
are re-accelerated in the region between electrodes 107 and 
105. They emerge from electrode 105 at an energy aporoxi- 
matcly equal to the 20 KeV primary beam energy from the 
gun minus their landing energy on the substrate. In the 
objective region, the secondary paths are s imilar to die 
Primary beam, but at much larger angles since secondaries 
are emitted with a broad angular distribution. This secondary 
electron beam is directed toward the low voltage secondary 
electron detector 160 which is the same detector used for 
backscattcr imaging at high voltage. Since the energy of the 
returning secondary beam 104 is comparable to the primary 
beam energy, much stronger Wien filter 112 and 113 deflec- 
tions are required, but this can be done without substantially 
influencing the primary beam path 100. 

Since the low voltage mode is frequently to be used for 
the inspection of partially insulating surfaces, the technique! 
used to minimize charging are an important aspect of the 
present invention. Charging of an insulating region occurs 
when the number of secondary electrons (low energy sec- 
ondaries & backscatters) does not equal the number of 
primary beam electrons incident upon the surface, For any 
surface that gives an image, this charge balance varies 
depending upon the topography and inateriaL The secondary 
electron scattering yield varies with the energy of the 
incident beam, but for most materials is greater than one in 
^e range of about 200-1500 eV and otherwise less than one. 
When the yield is p-eater than one, the surface will charae 
positive. • 

Secondary electrons leave the surface of substrate 57 with 
energies in the range of 0-20 eV with the most probable 
energy near Z5 eV. If the electric field near the surface of 
substrate 57 can be controlled, in this case by the potential 
upon intermediate electrode 107, secondary eiectronjcu be 
encouraged to leave that surface or return to it, depending 
upon the applied field and the energy that they leave with. 
For example if an approximately 10 eV retarding potential 
barrier is established, then only some of the secondaries 
emitted from a point on the surface 57 would escape to the 
detec t or. 

If the number of escaping secondary and bactaca t ter cd 
electrons is greater than the number of primary beam 
electrons, surface 57 will charge positively which wffl 
increase the size of the retarding potential barrier created by 
electrode 107. Fewer low energy secondary electrons will 
now escape. The surface potential wffi move rjoaitrveiy iintfl 
balance is reached. If the number of escapiiig secondary and 
backscattered electrons is less than the number of primar y 
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electron*, the surface wfll charge negatively, which will 
Iowa the retarding potential hairier created by electrode 
1*7. A larger number of low energy secondary electrons wfll 
now escape. The surface potential wfll move negatively anal 
balance is reached. Undo these conditions, a stable surface 
potential wfll emerge after some period of time. To avoid 
aeahng large potential differences between areas on the 
substrate, it fa essential to property adjust electrode 107 so 
that the equilibrium condition (primarily beam current equal 
to secondary electron current) is obtained on average. 

Since topographical and material differences affect the 
secondary electron yield, different areas on a substrate will 
tend to different equtfibrinm voltages. However, in equilib- 
num all areas produce the same number of secondary 
electron. This mean* rhat there Ls no contra* for 3 ubstr a io 
imaged in the equilibrium state. To circumvent this problem 
me dose per pixel is kept very low and if necessary the area 
rcscanned by the "multiple frame scan" technique described 
eariier to obtain favorable image statistics. 

By controlling the time between scan passes, the surfsce 
Has the opportunity to neutralize in-between scans, using 
electrons generated in adjacent regions. The key dements in 
this strategy are the field controlling electrode 107, and the 
overlapping frame scan trajectory. 

As shown in FIG. 6, to maximize gun reliability in the 
face of limited cathode lifetime, the gun structure contains 
ax cathode/control electrode assemblies mounted upon a 
hexagonal rotating turret 137 floating at high vc4tage?Each 
assembly may be rotated into position above anode aperture 
«7, and locked into position while making electrical contact 
wi* the appropriate power supplies, 91 and 93 (FIG. 4). 

The electrostatic deflection system, consisting of pre-lens 
deflectors 101 and 103 (see FIG. 4), requiresTery homoge- 
neous fields driven by high speed sawtooth deflection volt- 
»ges. The structure is a monolithic ceramic/metal assembly 
etched to form 20 individual deflection plates. Four drivers 
arc required for each of foe two stages, to provide a scan that 
cube rotated to match the stage 24 and substrate 57 
coordinate systems. 

Automatic tuning and set up are provided for operator 
ease. Lens and defleeticn/stigmation elements and all hit* 
voltage supplies arc under DAC control, interfaced to oo£ 
umn control computer 42 (see FIG. 1). In several cases, 
routines to adjust deflection ratios and electrostatic plate 
voltages for specific functions are resident in the column 
control computer 41 and gun control and setup is based on 
nominal 1 values, modified by adaptive routines using A/D 
feedback for emission anient, aperture current, and supply 
settings. 

^f**™ centering is based upon other well known routines 
fcat eliminate deflections when lens currents are changed, 
inesooperahoos use specific test samples imaged by a two 
axis frame scan function, and they exploit image analysis 
capability that is also necessary for alignment and inspec- 
honJPocus is maintained automatically to compensate for 
substrate height variations, while stigmation is performed 
prior to inspection. These routines are based upon analysis 
oMhe contrast and harmonic content of images using the 
•cquiation pre-processcr 48 »od related electronics 
rf *?!£ eSe ? Invention the nominal operating conditions 
of the optics for high voltage mode are a 20 KeV beam 

Svw™. OTIrenI "^ooship varying from 

300 nA at 0.05 um to 1000 nA at 0.2 muThe scanperiod 
is 5 microseconds using a 512 pixel scan field imaged at 100 
Megapaels/sec. Detector 117 cunent amplification in the 
diode » about lOOOx * 5 KV to 5000x at 20 KeV. The 
overall system can perform over this range of operating 
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conditions far samples of more dun about 14% edge cen- 
trist at 100 Megapixels/sec using i 0.05 micrometer spot 
The acquisition electronics makes provision for integrating 
more than one scan line, allowing lower contrast or high 
resolution images to be recorded at lower bandwidth. 

In low voltage mode, the beam energy up to electrode 116 
is 20 KeV and the beam energy at the substrate is 800 eV. 
The beam current spot size relationship is 25 na at 0.05 fan 
and 150 na at 0.1 urn. The scan period and field size are the 
same as high voltage mode. Detector 160 amplification is 
5000x. The system can perform over this range of operati ng 
conditions fox samples of more than about 20% of edge 
contrast at 100 megapixels/sec using a 0.05 micrometer spot 
DEFECT PROCESSOR 

In the case of die-to-die inspection, the function of defect 
processor 56 is to compare image data derived from die 68 
with image date derived from die 7t, or, in the case of 
die-to-database inspection, to compare image data derived 
from die 64 with data derived from the database adaptor SI 
The routines and the basic implementation of defect pro- 
cessor 56 are substantially the same as those of the defect 
processor described in U.S. Pat No. 4,644.172 (Sandland et 
al; •'Electronic Control of an Automatic Wafer Inspection 
System", issued Feb. 17, 1987 and assigned to the same 
assignee as the present application) which uses three param- 
eters to determine defect locations whereas the present 
invention uses four. 

All data for either die-to-die or die-to-database inspection 
are received either from memory block 52 or, after align- 
ment correction, from the alignment computer 21 
(depending od how the alignment correction is 
implemented), and are in the form of six bits per pixel for 
each detector type. Id defect processor 56 four parameter! 
are determined for each pixel for each type of detector of 
both inputs: 

a. I, the gray scale value of me pixel; 

b. G, the magnitude of the gradient of the gray scale pixel; 

c. P, the phase or direction of the gradient of the gray scale 
value; and 

d. C, the curvature of the local gradient contour. 

The gray scale value is merely the value in memory block 
52 for the particular pixeL The magnitude of the gradient and 
the direction of the gradient are derived from first competing 
the x and y Sobd operator components: 

-10 1 12 1 

S.--2 0 2 $-0 0 0 
-10 1 -1 -2 -1 

The magnitude of the gradient is then ((S J*+(S J*) 1 * and 
the direction is taar^S^SJ. 
The curvature is defined as: 
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where the coefficient &y is a set of parameters selected 
depending on the application and is defined to be: 
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Where I y is the gray scale value of a pixel in the i* 
column and the j* row of the image and a" and b* are 
parameters derived empirically. 

Typical values for the r^erred embodiments are: 

0-12-10 

12 1 -12-2 2-1 

fy»2 4 2 aja-2 -2 0 -2 -2 

12 1 -12-2 2 -1 

0-12-10 

In the manner described above, quantities I, G, P and C 
are determined for each pixel of both images. For any given 
pixel A of die 68, these parameters are then compared with 
the same parameters of the corresponding pixel B, on die 70 
and also with the parameters of the eight pixels immediately 
adjacent to B. If for every pixel in the neighborhood of B at 
least one parameter differs from the same parameter of pixel 
A by a value greater than a predetermined tolerance, pixel B 
is flagged as a defect of both dice. 
^ In a similar manner, the parameters of every pixel of die 
70 are compared with the parameters of pixels in the 
corresponding neighborhood of die 6* and the aprxopriate 
pixels are flagged as being defective. 

The physical implementation of this algorithm is per* 
formed in pipeline logic, as described in U.S. Pat No 
4,644,172 (Sandland et al; "Bectronic Control of an Auto- 
matic Wafer Inspection System", issued Feb. 17, 1987 and 
assigned to the same assignee as the present application), 
V* matnx operations are implemented in Application Soe- 
ofic Interred Circuit ( ASIC) devices which are cascaded 
ma pipe line computational system capable of computing 

«te of 100 Megapixels/second. 
DEFLECTION CONTROLLER 

In aie-tondie mode, the function of deflection controller 
50 is to position the electron beam 100 at equidistant arid 
points within each swath 60 of die 68 so that toe outwito of 

*** U7caa bc compared Xthe 
outeputs of the same detectors at the corresponding location 
on die 70. Similarly, in die-to-database mode the simulated 
image derived from database adaptor 54 is compared with 
the detector 117 output from a die. Deflection controller 50 
accomplishes this by controlling the positions of stage 24 
and of electron beam 100 as shown in FIG. 7 and explained 
below. 

When scanning the first die in a swath, the output of 
alignment compute 21 is set to zero, because doing the 
scanning of the first swath of the first die there cannot be a 
misalignment Therefore, during this period, deflection con- 
troller £• receives its instruction only from column com- 
g 0 * 0 **■ Btse<1 on these instructions and the position data 
received from the x and y interfHometers 28, deflection 
controller 59 calculates the desired motion of stage 24 and 
transmits corresponding signals to stage servo 26 to move 
stage 24 accordingly. Deflection controller 5* rimflarty 
calculates the desired deflection of beam 1W and transfers 
this data to analog deflection circuit 30. As stage 24 moves 
its position is constantly monitored by x and y interferom-' 
etexs 28 and any discrepancies from the desired stage 
position are : determined and used to generate an error signal 
which is fed back to the stage lervo drive 26 by deflection 
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controller 5t. Because of the high inertia of stage 24, these 
error signals cannot correct for high frequency erron in the 
stage position. The high frequency errors, in both x and y, 
ire corrected by the deflection of electron beam 100, as 
computed by deflection controller 50 which transmits these 
signals in digital form to analog deflection drama 30. 

As beam IN scam die ft, gray scale values are stored in 
memory block 52. As soon as eiectroo beam lit sum 
scanning die 70 these values are also stored in mcmcry block 
52 and are immediately also transferred both to defect 
processor 56 and alignment computer 21. In ali gnmen t 
computer 21 the two data streams, one derived from die 08 
and another from die 70, are compared for alignment If 
there is a misalignment, an alignment correction signal is 
generated and transferred to deflection controller 54. This 
alignment signal is then used as a vernier correction to 
position beam 100 at the correct location on substrate 57. 

In die-to-database mode, deflection controller 5* func- 
tions similarly to the way it functioned in the die-to-die 
mode, except that the output of database adaptor 54 replaces 
the input image derived from die font die in the swath. 

The deflection controller 50 also computes and defines the 
stage 24 motion, speed and direction* as well as (he param- 
eters of the electron beam deflection. 
ALIGNMENT COMPUTER 

The function of alignment computer 21 is to accept two 
digitized images in the form of gray scale values, and 
determine, in terms of fractional pixel distances, the mis- 
alignment between these images. The preferred embodiment 
of these alignment calculations is described in ILS. Pat. No. 
4,803,123 (Specht et al; "Automatic Photomask and Reticle 
Inspection Method and Apparatus Including Improved 
Defect Detector and Alignment Sub-System*, issued Feb. 
14, 1989 and assigned to the same assignee as the present 
application). In this preferred embodiment the alignment 
correction is continuously calculated throughout the entire 
care area. The calculated alignment correction may be used 
by the alignment computer to shift, or to shift and interpolate 
(for a subpixel shift) the images read from memory blocs: 52 
and sent to the defect processor so that the images are 
correctly aligned when examined by the Defect Processor 
5*. Alternately, one may select a few specific features on the 
substrate 57, and calculate the misaiignm^ only at these 
features, assuming that alignment does not change rapidly 
throughout the scanning process. In the latter case, a single 
board computer, such as the Force Computer, Inc. model 
CPU 30ZDB may be used to perform the alignment calcu- 
lations. These calculated shifts may be used to shift the 
positions of subsequent data acquisitions to reduce misalign- 
meats or may be used to determine shifts between the 
images that are sent from the memory Week 52 to the defect 
processor 5$. 
ANALOG DEFECTION 

Analog deflection circuit 30 generates analog ramp func- 
tions for deflector plates 191 and 103 (FIG. 4\ The operation 
of this subsystem is shown in FIG. 9. The digital signal 
derived from deflection controller 50 is converted to an 
analog voltage by slope DAC 230 the output of which feeds 
ramp generator 231 The amplitude of the ramp li variable 
through the use of DAC 234, while the offset is controlled 
by DAC 23*. Sample and hold circuits 238 and 240 are used 
to define (he start and the end of the ramp, respectively. High 
voltage, low noise drivers then amplify the waveform to 
produce a ramp with a dynamic range of ±180 V wMdi is 
applied to deflector plates 101 and 103. 
MEMORY BLOCK 

The Memory Block 52 consists of three identical 
modules, with each one corresponding to a different one of 
each type of detectors 117, 129 and 1*0. 
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Referring to FIG. M, conceptually, each module of 
memory block 52 consi sts of two FIFOs (Fint In-^'Irst 
Out) memories. The first FIFO stores (be gray scale value* 
corresponding to cad) detector of an entire rwatfa derived 
from die 68, while the second FIFO is much abater and 
stores the gray values, again for each detector, correspond- 
ing to only a few scans of die 78. The outputi from these two 
FIFOs are then transmitted to defect processor 5* and 
a lignment computer 21. Each FIFO functions at a rate of 100 
Mhz and stores each pixel's gray scale value with a precision 
of 8 bits per detector. 

The memory accepts in its input register 362. 8 bytes in 
parallel from acquisition pre-processor 48 for each type of 
detector. Input register 382, acting like a shift register, shifts 
the eight bytes to the right and then accepts another eight 
bytes, until such time that the eight sections of the input 
register a fulL At that time all 64 bytes are clocked into 
memory 303. 

One way to implement this is with DRAMs 303. Ordi- 
narily 128 megabytes would be used in a system. 
ACQUISITION PREPROCESSOR 

Acquisition pre-processor 48 converts the analog signal 
from each detector 117, 164 and 129 and digitizes these to 
an eight bit value at a rate of 100 Mhz, then reformats the 
output signal for storage in memory block 52. 

Acquisition pre-processor 48 consists of three identical 
modules, one of which is shown in FIG. 11. Each module 
accepts an output from its c\ ssponding detector and digi- 
tizes that output to an accuracy of 8 bits and then places it 
into multiple scan integrator IL The purpose of multiple 
scan integrator U is to average the gray scale values from 
the same pixel for the reduction of noise. Under certain 
drcumstances the pixel may be rescanned, Le. resampkd 
several times and the resultant value is the average of the 
values for that pixeL This value is then transferred to shift 
register 13 which accepts eight bytes in series before trans- 
ferring them in parallel to memory block 52 
INTERFEROMETERS 

The x and y positions of stage 24 are monitored by x and 
y interferometers 28, such as Teletrac TIPS V.The positions 
are defi ned to 28-bit precision where the least significant bit 
co rrespo nds to approximately 2.5 nanometers. 
SYSTEM COMPUTER 

Overall control of system 18 is provided by a system 
computer 36 which, among its other housekeeping tasks, 
ensures that various step sequences are performed in an 
orderly manner. Each event in the sequence is accomplished 
at the programmed time, with a number of nonconflicting 
ocea performed simultaneously to maximize through- 
put of comparer 36. 

The routines preformed by computer 36 are designed such 
that user interaction with the system is either through 
keyboard 48 with an associated mouse or trackball pointing 
device, or by data communication with a remote computer. 
For local interaction, computer display 38 displays graphics 
and text from system computer 36. 

The system computer 36 routines are organized into four 
communicating "tasks*. These are: 

1. A Master Task through which passes all grvniiy infratfrm 
with column control computer 42, post processor 58, 
and mask handler 34. This task also maintains flies on 
the system computer that record machine operating 
parameters such as lens settings, vacuum pressures, and 
beam currents. 

2. A User Interface Task that manages dispiayi on com- 
puter display 38 and that handles keyboard 40 and 
mouse input This task responds to user keyboard 48 
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and moose input by modifying data files and by sending 
message* to other parts of the system to initiate action*. 

3. An Inspect Task that sends descriptions of image 
acquisition swaths to column control computer 42 (via 
the Master Task). 

4. A Command Language Interpreter Task that can accept 
command inputs from keyboard 4#. This task also 
manage* timers that enable the automatic scheduling of 
repetitive operations. In addition, this task creates and 
updates a text logfile describing all machine operations 
and the time they occurred. Normally tins task is only 
used far machine control by service engineers. 

An example of a system computer is a Son Microsystems 
SPARC processor that runs under a UNIX operating system. 
(UNIX is a registered trademark of AT AT.) 
COLUMN CONTROL COMPUTER 

Column control computer 42 consists of the autofocus 
computer, vacuum control computer and deflection instruc- 
tion computet The functions and implementation of the 
autofocus computer is covered under the headings Autofo- 
cus System and the Vacuum System is described under the 
heading of Vacuum System. 

Column control computer 42 receives its instructions 
from system computer 36. 

The column computer 42 is implemented in a 68030- 
based single board computer, such as the CTU 30ZBB made 
by Force Computer, Inc. 
POST PROCESSOR 

Post processor 58 receives from defect processor 56, a 
map that identifies every defective pixel for each type of 
detector. The post processor 58 concatenates these maps to 
determine the size and location of each defect and classifies 
these by defect type. These data are then made available to 
system computer 36. Physically, post processor 58 can be 
implemented as a 68030 single board computer, such as 
model CPU 30ZBE made by Force Computer, Inc. 
VIDEO FRAME BUFFER 

Video frame buffer 44 is a commercially available video 
frame memory with a storage capacity of 480x512 pixels, at 
12 bits per pixel A suitable frame buffer is the Image 
Technology, Inc. model FG100V. The video frame buffer 
refreshes image display 46 30 times a second. 
IMAGE DISPLAY 

Image display 46 is a commercially available color 
monitor, such as the SONY model PVM 1342Q. False color 
techniques are employed to aid the evaluation of the image 
by the operator. Such techniques assign different colors to 
the different gray shade values of a monochromatic image, 
DATABASE ADAPTOR 

Database adaptor 54 is an image simulator that produces 
gray scale values corresponding to each pixel on the basis of 
computer aided design data used for the making of the 
pattern in the die, Topically, the inrxit to the database adaptor 
is a digital magnetic tape in a format u»ed for the generation 
of the pattern for the integrated circuit These digital data are 
then converted to a stream of pixel data organized in swaths, 
in the same format as the output of acquisition pre-procesaor 
4S. Such a database adaptor was previously disclosed in U.S. 
Pat No. 4,926,489 (Danielson et al; "Reticle Inspection 
System", issued May 15, 1990 and assigned to the san* 
assignee as the present application). 
SUBSTRATE HANDLER 

The function of substrate handler 34 is to automatically 
extract substrate 57 from the cassette and place it in the 
substrate holder in the proper orientation. It is a robotics 
device that is similar to wafer handlers in common use for 
transporting and manipulating wafers in the semiconductor 
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industry. The first function of the handler is to determine the 
mentation of the flat 59 of FIGS 2 and 3a. Handler 34 
senaea the flat optically with a linear CCD senior oriented 
raAafly with respect to the rotational center of the substrate. 
As the substrate rotates, the output of the image senscr is 
converted to digital form and is then stored inTsWkboari 
computer, such , a, the Force Computer. Inc. CPuTo^R 
The computer determines the location of flat 59 The sub- 
strate is then rotated into the proper orientation and auto- 
matically placed into a substrate holder. The holder now 
oontaming the substrate is loaded into load elevator 210 of 
FIG. 8. All operants of the handler are executed under the 
control of system computer 36 
STAGE 

The function i of stage 24 is to move substrate 57 under 
electron beam 1M and under optical alignment system 22 
? 10 minimize * e complexity of the system, stage 24 
has been selected to only have two degrees of freedom: x 
and y; it can neitber route nor move in the direction 
perpendicular to the x-y plane of substrate 57. In other 
words, the stage can only be translated in x, y or diagonal 
directions. Instead, rotation of the E-Be*m raster is accom- 
plished electronically, by resolving any scan into the two 
components of the electrostatic deflection of the beam and 
alio moving the stage with the mechanical servos in a 
amilar manner. Z-axis motion is not required because the 
objective lens has sufficient range in its variable focus to 
compensate for any height variations in substrate, 

The stage 24 is a precision device with closely controlled 
straightness. orthogonality and repeatability. Crossed roller 
bearings are employed. The stage is vacuum compatible and 
nonmagnetic, so as not to interfere with electron beam 100. 
It has an open frame, so that transmission electron beam 108 
can reach detector 129 below it. The open frame is also used 
to place substrate 57 on it from below in (he loading process. 

Three-phase brashless linear motors (not shown), two per 
axis, have been selected to drive stage 24 to best overall 
system performance. Suitable linear motors are the Anoline 
models LI and L2 made by Anorad, Inc. 
VACUUM SYSTEM 

The entire vacuum system Is under the control of column 
control computer 42. Conventional pressure sensors (not 
shown) within various parts of the system measure the 
pressure and report this to column control computer 42. This 
computer then sequences various valves, as necessary on 
start-up or during the loading or unloading of a substrate. 
The latter routine is explained in more detail under the 
heading of Load Operation. Should the vacuum be inad- 
equate for the electron beam operation, the high voltacc is 
automaucally cut off to protect source 81 frwnXnagTThis 
done with pressure sensors in combination with computers 
42 and 36. Siinuluneoush/. pneumatic isolation valve 145 
(FIGS. « and 8) is also actuated to protect the ultrahigh 
vacuum region 140 of the column from contamination The 
operation of the vacuum system is explained in detail below 
The vacuum system of the gun is a two stage differentially 
pumped system designed to be pro-bared and otherwise to 
be maintained indefinitely without servicing. Ultra Hish 
Vacuum, (approximately 10"* Terr) region 140 is pumped 
by ,on pumps 139 and isolated by gun anode aperrorc87 
Intermediate (approximately 10~* Torr) vacuum region 141 
is also ion pumped, by pump 149, and is separated from 
main system vacuum region 143 by pneumatic gun isolation 
valve 145 and by aperture assembly 99. Together these 
vacuum elements provide an environment suitable for field 
emission in a production environment 

vacuum in lower column region 143 is maintained by 
turtKjpump 204 just as the vacuum in inspection chamber 
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2#6 _i*^ >Vidotl ^ ^n^oP^mp 20S. Inspection cb*mt>ex 2*« 
u separated from lower coinmn region 143 by a plate vhitt 
hAi a small hole through winch the electron bcamcln out. 

Thii(eparatioo(tfTaanimregioiis2Mudl43pennitsldsh 
vaamm to be maintained even when the sotxtrate tobe 
inspected is coated with a photoresist patent] winch tvm' 
cally has a significant vapor pressure. 

The vacuum system has two air locks ♦ 224 and 226. one 
to load a substrate 57 into inspection dumber 246 and one 
to unload the substrate after inspection. Each dumber is 
connected to the vacuum pumps via two valves, 212 and 
214, in a parallel configuration. Valve 212 is for alow 
pumping of the lock chamber 224 while valve 214 has a 
large orifice and is able to handle a large volume. A similar 
arrangement, also shown using valves 212 and 214, is 
provided for chamber 226. The purpose of this dual ananae- 
ment « to preclude particles being stirred up in the eyaSh 
attoo process and yet minimu m the time required fcr evacu- 
anon and repressurization of the chambers. 

As will be explained in mere detail bd ow, initially, after 
the substrate has been placed in load lock 224, only the slow 

V ^l 2l l h . opeocd ' **** tnsonng that the flow rate in 
the chamber is sufficiently slow so as not to stir up particles 
in the lock area 224. Once the pressure in the chamber has 
been reduced to a level that the air flow is in the fee 
molecular flow region, a region where particles are no longer 
stured up, the large valve 214 is opened in order to rapidly 
evacuate the remaining air in the lock. A similar twe-step 
operation is used in the repressurization process, where 
• valves 228 and 230 provide fast and slow venting fcr each 
chamber 224 and 226. 
LOAD OPERAHON 

As previously described, substrate 57 is mated with an 
adaptor in mask handler 34 and is placed into load elevator 

l!:^ *°* 234 * * *nnmpbak pressure. 

Valve 212, a valve that permits only slow evacuation of the 
load lock 224, opens. When lock 224 has reached a pressure 
where the flow becomes molecular, valve 214, a high 
capOdty valve, is opened and the remainder of the air is 
pumped out Now gate valve 216 is opened and elevator 210 
pushes substrate 57 and holder through valve 216 into 
inspection chamber 206 and places it on stage 24. 'After 
substrate 57 has been inspected, the reverse process takes 
place and substrate 57 is replaced in a cassette used to store 
substrates. 

Alternately, a cassette of substrates could be loaded into 
thecfaamber in a similar way, each of the collection of 
substrates inspected and then the entire cassette of substrates 
removed and replaced with the next cassette of substrates. 

Ftaher stm, the double lock arrangement of the preset* 
invention makes it possible to be inspecting one substrate in 
one chamber while simultaneously a second substrate is 
either being inserted and pressurized, or depressurized and 
removed, using the second chamber: 
AUTOPOCUS SYSTEM 

Electron beam 100 is focused by varying the current in the 
system s objective lens 104 (FIG. 4X Due to the fact that 
substrates are not always flat, and because the su&ce of 
stage 24 may not be perfectly perpendicular to the axis of 
column 20, the optimum focus current varies over the care 
area. Because this variation is slow as a function of distance 
in the x and y directions, it is feasible to determine the 
optimum focus current at a few designated points, and for 
any points in between these one may interpolate the desired 



At part of the »et-up and initialization of the inspection 
process, (he ryitem measures the optimum focus carent at 
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designated points. This focus calibration process consists of 
positioning the beam at the designated point ud then 
measuring the gray scale valne along a straight line perpen- 
dicular to an edge of a feature on substrate 57. The digitized 
gray scale values are tfaea convolved with a high pass filter 
(o* shown) for 10 differing values of focus current, for 
example. The best focus is then the current corresponding to 
the highest output from the high pass filter. In the preferred 
embodiment a second derivative filter is used with the 
following convolution coefficients as follows in thi* 
example: 
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For best results the output of the high pass filter should be 
smoothed. 

The focus computer is pot of column control computer 
42. The focus computation is carried out in special purpose 
hardware consisting of a convolver integrated circuit and 
some DSP elements. 
OPTICAL ALIGNMENT SYSTEM 

Optical alignment system 22 is used by the operator to 
visually perform coarse alignment of be die after it enters 
me inspection chamber The subsystem consists of a window 
into the vacuum chamber and lenses to project image 
patterns on a CCD camera for display on display 4ft7Tbe 
operator can chose ooe of two lenses, (in the present 
invention these were empirically determined) one with a 
laagnification of 0.46 and the other one with a magnification 
of 5.8 for die viewing of the pattern. In order to preclude (he 
coding of optical surfaces with contamination from the 
substrate, all lenses are located outside the vacuum. 
SEM PLASMA CLEANER 

In the course of operation of the electron beam apparatus 
of (he present invention, organic materials are deposited on 
various deflection and beam forming electrodes by proxim- 
ity interaction (near surface charging of particles), and 
volatilization of target material then drawn to high tension 
regions. The resulting dielectric accumulations Tver time 
will, through surface charging, adversely affect beam steer- 
ing and forming mechanisms Necessary periodic removal 
of these materials is accomplished through employment of 
an oxidizing plasma formed in dose proxumtyTthose areas 
of accumulation. 

To perform that function, oxygen is used as the primary 
gas for the formation of a cleaning plasma. Ref erring to FIG 
8. oxygen supply 199 is introduced into the upper or lower 
portion of mechambera, 141 and 143, res pectrvdy via valve 
1*3 and regulated using a mass flow controller 195 to 
produce a controlled pressure sensed by capacitance 
manometer 197. Oxygen pressure is adjusted to optimize 
coupling of RP energy and localize the plasma excitation to 
each sequentially selected electrode, or other electrodes 
needed to dean other regions of the operatin g space, all 
having differing mean free paras for ionization. Oxidation of 
only the organics takes place by tightly controlling the 
spatial plasma density in discharge regions to a level just 
below the sputtering potential of the electrode surfaces This 
is accomplished by suppression of electrode self biasing * 

Referring oow to FIG 12. for electrodes requiring dcoo- 

^^!i! mov " 1 w uy ocher "*■» « dements, an noma! 
electrode path connections are switched through relays 191 
to a radio frequency compatible multiplex relay 179 in order 
to direct RF energy sequentially to each. A generator of high 
frequency RF power 173 is enabled and then output leveled 
by power detector 175 and output voltage detector 178. 
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Using in automatic match network 177 (such as an 
Antomateh, registered trademark of RF Plasma Products, 
Chaxy Hi fl NJ.), l eveled RF output power is then trans- 
f coned to appropriate voltage, current, and phase relation 
such as to provide both sufficient avalanche potential to 
initiate a plasma discharge ai well as pof cosing conjugate 
matching of the sustained discharge load. 

As shown in FIG. 12 is substrate coating system 172 fee 
applying a conductive coating to the top surface of the 
substrate to be inspected using the present invention. Any of 
several well know conductive coating application system 
can be used including, but not limited to, one that utilizes 
evaporative or sputtering techniques. 

Similarly the plasma may also clean any other surfaces cc 
electrodes, such as ITL 
INSPECTION OF PHASE SHIFT MASKS 

FIG. 13 illustrates the cross section of a typical phase shift 
mask 500 having an optically transmissive quartz substrate 
504 and an opaque patterned chromium layer (typically 0 1 
urn thick), shown here as pads 506, 508 and 510, deposited 
onto the top surface of substrate 504. An optical phase shift, 
that is desired in the production of a semiconductor wafer 
using a mask such as phase shift mask 500, is produced by 
an appropriately sized well or trench 502 (typically -25 um 
in depth) that is etched into quartz substrate 504 at the 
desired location. 

Phase shift masks, such as mask 500, have always been 
inspected optically, however, optically techniques are ever 
more difficuk to use as the desired semiconductor surface 
pattern sizes to be produced by such masks become ever 
smaller. The present invention uses an electron beam tech- 
nique that employs the resultant backscatter and secondary 
electrons to inspect a phase shift mask of any of several 
variations to determine die surface features of that mask 

To prepare phase shift mask 500 of FIG. 13 for inspection 
using an electron beam, a thin electrically conductive layer 
512 of metal (e.g n aluminum or gold) or of an electrically 
conducting polymer (eg. TQV501 manufactured by Nagase 
Ltd.), is placed oq all exposed top surfaces at mask 500 and 
• the structures thereon and therein (with a film coating 
system of any of a variety of types, including, but not limited 
to an evaporative coating system or a sputtering system), 
including wells, by evaporation, or a similar process Coo- 
ductrve layer 512 is then dectricaUy grounded (501) to 
provide an electrical return path for the electrons that are not 
backscattered or produced secondarily, thus minimizing the 
possibility that an area of the 5ubstrate that is uaiex inspec- 
tion will acquire an electrical charge. 

Phase shift mask 500 may contain surface defects that can 
take various forms, such as extra chromium on, or unwanted 
etchings into, the quartz, or posts of quartz within a well or 
extending above surface 544 of the quartz substrate 500. in 
FIG. 13 a defect in die form of an unwanted etching 514 
which is illustrated here as a narrow well adjacent chromium 
pad SOS. However, an unwanted etching may occur any- 
where in the surface of quartz substrate 540, including 
beneath a chromium pad. 

Referring now to HG. 14, there is illustrated one aspect 
of the present invention wherein the exposure of different 
surface locations of a simplified phase shift mask 500 and 
the measurement cf the resultant backscaoer and secondary 
electrons from that point enable the user to determine the 
type of material beneath conductive layer 512 at the location 
being struck by an electron beam. In FIG. 14, for simplicity 
of illustration of this aspect of the present invention, sub- 
strate 500 is shown being subjected to decrjon beams 100 
and 10T at points 51* and 51*, respectively, with only oae 
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!|'^J* ambciD « used at any instant in tiiac. To Anther 
danfy thu i point, the electron beam system of the ^resent 
invention h« a ringk column and thus only one electron 

fllusfrnte an electron beam being applied substantially per- 
pendicular to two different locations on the surface of toe 
substrate at point, 516 and S\€ at two different points * 

Electron beam 100, or 10*. typicaUy has a high energy 
(nominally 20 KV) that penetrates conductive Uyer 512.** 
well as, into each of chromium Uyer 519 and quartz sub- 
strate 504. what evff is beneath the point of impact of the 
electron beam at that point in time. Since chromium has a 
higher atomic weight than does quartz, electron beam 100 
does not penetrate as deeply into chromium layer 510 and 
quartz substrate 504 as electron beam 100 penetrates into 
quartz substrate 504 alone, given that the strength of electron 

mT^J!? 0 - m cquaL ™ s " representatively 

illustrated in FIG. 14 by the two different sized teardrop 
scatter envelopes 524 and 526 at points 516' and 516 
respectively, which illustrates the theoretical penetration of 
the electron beam at each location. At both points, the 
collision of electrons from electron beam 100. or 100* with 
thin conductive Uyer512 produces secondary electrons 528 
cominoiify referred to as SE I elections As electron beam 
100 • « 100 penetrates into either chromium layer 510 or 
quartz layer 504, respectively, a portion of the colliding 
electron beam is scattered and produces backscauer elec- 

Si?* 5 «f. 536 - ^P"*^ When backscatter electrons 
536 or 538 leave conductive layer 512, they also produce 
secondary electrons. 540 and 542. respectively, that are 
commonly referred to as SB n electrons. 

Refetring now to FIG. 5 where an electron beam column 
is illustrated, as discussed above, secondary electron detec- 
tor 117 generates an electrical signal far each secondary 
electron detected, while backscatter detector 160 similarly 
generates an electrical signal when a backscatter electron is 
. detected. 

To illustrate the effect of bombarding an optical phase 
shift mask 500 with a high energy electron beam 100 FIG 
15 combines the cross-sectioned mask 500 of FIG. 13 at the 
top with the corresponding secondary and elec . 
iron waveforms 545 and 546. respectively, produced by 
bombardment as electron beam 100 traverses across the 
surface of mask 500. Further, in FIG. 15 secondary and 
backscatttx electron waveforms 545 and 546 are each illus- 
trated in registration with the <ro$s-section of specimen 500 
to lUustrate the correspondence between those signals and 
the physical charaaafatics and surface features of mask 500 
as beam 100 scans across the surface of specimen 500 The 
two signals illustrated are typical of the signals generated by 

^^« e ^°^ dc,ect0r U7 ud b ***»«er electron 
detector 160 of FIG. 5, as electron beam 100 scans the 
surface of specimen 500. 

Bxamining secondary electron wavefcrm 545, several 
features of the waveform correspond to the physical diar- 
acteratics of mask 500. In this illustration there are four 
resulting secondary signal levels: a first signal level that 
corresponds with those portions of mask 5*0 that are flat and 
do not have a chromium structure (544); a second signal 
level that has a greater magnitude than the first signal level 
and (hat corresponds with those portions of mask 500 mat 
have a chromium structure on substrate 504 (506, 508 and 
512); a third signal level that has a lower magnitude than the 
first signal level and that corresponds with the widest well 
m; and a fourth signal level that has a signal level that has 
a lower magnitude than the third signal level and mat 
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cocrtspoodi to narrow well 514 (the defect in this exanyte) 
Other physical variations in mask 500 which ire not illus- 
trated here could produce other signal level variation*, eg. 
various thickness of the chromium pads, different widths or 
depths erf wells, quartz posts on the top surface or extending 
upward within the open space of a well, etc Other feature* 
of secondary electron waveform 545 that are of interest are 
the sharp signal peaks 550 and 552 at points within the 
waveform that correspond to transition points in the surface 
height of mask 500. The roost dramatic of these occur at the 
edges of wells 502 and 514. The larger peaks in the 
secondary electron waveform result from the production of 
additional secondary electrons that are from & e 

vertical walls of etched wells 502 and 514. Similarly, the 
smaller signal peaks 552 result from the production of 
secondary electrons from the vertical side walls of the 
patterned chromium pads 50*. 508 and 510. 

A similar examination of backscatter electron waveform 
544 also reveals four backscaiter signal leyels: a first signal 
level that corresponds with those portions of mask 500 that 
are flat and do not have a chromium structure (544); a 
second signal level that is higher than the first signal level 
and that corresponds with those portions of mask 500 that 
have a chromium structure on substrate 504 (506, SOS and 
510); a third signal level that is lower than the first signal 
level and that corresponds with the widest well 502; and a 
founh signal level that is lower than the third signal level 
and that corresponds to narrow well 514 (the defect in this 
example) with the signal level variations generally being 
greater in the backscatter waveform. Further, as with the 
secondary electron waveform, other physical variations in 
mask 500 will produce other signal level variation*, e,g. 
various thickness of the chromium pads, different widths or 
depths of wells, quartz posts on the surface and in wells, e tc 
Additionally, the backscatter electron waveform experiences 
signal peaking only at the points that correspond to the mask 
surface transition points to wells. Those transition points to 
wells correspond to the edges of wells 502 and 514 produc- 
ing a peak that is much smalkr than the peaks in the 
secondary electron waveform that correspond to the same 
points on mask 500. Additionally, there are no noticeable 
peaks at the transitions between the chromium pads (506, 
50S and 510) and the plain quartz surface (544). 

By comparing each of the secondary and bac kscatter 
waveforms, the location, size and shape of any wells caa be 
positively identified. Since the number of backscatter elec- 
trons escaping a well is a function of the depth and width of 
the well, a measure of the depth and width of a well caa be 
determined from backscatter electron waveform 546, In 
order to do so accurately, a calibration can be made of the 
backscatter electron waveform against well depth by using 
a sample of the substrate of interest with known trench 
depths and widths. Alternately, the same result could be 
derived by calculating the number of backscatter electrons 
that can escape from a well of a given depth and width by 
assuming that the electron emission is lamb ertjan. 

Similarly, since secondary electron waveform 545 
includes dramatic signal peaks at all points that corre sp ond 
with surface transitional edges and backscatter electron 
waveform 546 only experiences peaking at points that 
:> {respond to the edges of wells, the backscatter election 
waveform can first be examined to identify those points 
where the signal experiences peaking and thus identify 
which of the peaks in secondary electron waveform 545 
correspond to edges of a well, and then those peaks of 
secondary electron waveform 545 can be used to positively 
locate the edges of a well of mask 500. 
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Pttther, note the variation in signil levels in seco ndary 
electron waveform 545 between the tat signal level that 
corresponds to the nominal flu region 544 of mask 54* and 
the third signal level that corresponds to well 5*2 with the 
fim signal level being greater dun the third signal level 
even though the material of mask 5*0 is the same si both 
locations. The difference therefore, is obviously the remit of 
a smaller percentage of secondary electrons being able to 
escape from the well than are generated from the flat surface. 
The secondary electron signal emission from the well can 
thus also be calibrated, to provide a measure of well depth, 
and this information used, together with the backscatter 
electron waveform signal level in those regions of mask 5t0, 
in a weighted average to detennine the depth of wdls 
present in a mask 5##). 

As noted above, flat surfaces of chromium structures on 
mask 50# have higher backscatter and secondary electron 
signal levels than those emitted by similar quartz regions. 
This results from chromium having a higher atomic weight 
than quartz, thus, the chromium surfaces generate more 
backscatter electrons at the surface, which in turn, generates 
more SE II electrons than are produced at similar quartz 
surfaces. 

Additionally, both the secondary and backscatter electron 
waveforms 545 and 546 each exhibit, in the regions of the 
etched wells, an upperwardty curved bow shape in that 
portion of the waveform (e.g. 54S). That characteristic of 
these waveforms can also be utilized to distinguish etched 
wells from flat surface areas of the substrate, such as surface 
544» 

Thus, to detect defects, it is only necessary to perform a 
region by region examination and comparison of the por- 
tions of each of the secondary and backscatter electron 
waveforms, based on the physical characteristic* expected in 
the substrate of interest, which is then compared with similar 
results obtained from a corresponding region of the same, or 
another, mask 5ft* of the same design. Alternatively, the 
region by region results obtained from the secondary and 
backscatter waveforms from an actual mask, as described 
above, could be compared with results derived from mask 
data in a data base (eg. CADS) from which the mask of 
interest was fabricated. This process can most easily be 
facilitate by first digitizing die secondary and backscatter 
electron waveforms 545 and 546, respectfully, and then 
performing the various functions digitally similar to the 
process that was described earlier. 

Further, after the inspection process is completed, if 
conductive layer 512 is not transparent to the wavelength of 
light, or other signal, to be utilized when mask 5t0 is in the 
intended application (e.g. printing of the wafer), layer 512 
must be removed lb do so, for example, a copper or 
aluminum layer may be removed from quartz with a KOH 
solution of approximately 034 normal; gold can be removed 
with KM, diluted at 300: 1 with water; and polymers can be 
dissolved with typical organic solvents which do not attack 
the quartz substrate materiaL 

To obtain the best signal to noise ratio in the secondary 
and backscatter electron waveforms from the mask of 
interest, the energy level of electron beam It* can be varied 
until acceptable results are obtained. As was observed 
above, the depth of teardrop scatter envelope 524 (see FIG. 
14) in chromium layer 510 approximates the thickness of 
that chromium layer 510. Also, from a comparison of the 
signal levels of the secondary and backscatter electron 
waveforms (see FIG. 15) from a chromium layer versus the 
onartz substrate alone, it can be seen that the actual variation 
in signal levels within the backscatter electron waveform is 
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mach grate than the variation in signal level$ in the 
secondary dectron waveform. It any tlx, be desirable id 
detenane the best energy level to oce for the electron beam 
dunng .the initial set op of the infection parameters aince in 

500 may not be known a priori. Similarly, different energy 
1 evela for the dectron beam may facilitate the maximization 
of the accuracy of depth measurements of wells as compared 
to (tetemmidoo of the exact location and extentTthe 
patterned chromium fields on the substrate. 

To improve the efficiency of capturing the backscatta 
electrons, one may employ a variety of detectors, such as 
semictaduocr detectors, scmtillator-photomulhplier com- 
omanons and nriaochannd plates where the axis of the 
annulus of the path of detector coinddea with the path of the 
primary ^beam. These types of detector are discussed in 
pages 181-182 and 1S9-190 of a book by Ludwig Rtimen 

™<xxcopr, Springer-Verlag, Berlin, 
Heidelberg, New York, Tokyo, 1985. 

FTG. M is a simplified objective lens portion of the 
electron beam column of FIG. 4 to illustrate one placement 

^^ > ^ acma detector 5<» within the column to 
capture the backscatter electrons of interest from mask 50+ 
for me present mvoation. As discussed above in relation to 
FIG. 4, here in FIG. It are Iowa pole piece 10* and 
uitemediate dectrode 107 with the b^scW electron, 
received by annular backscatter detector 560 passing 
S^M^Sri ^^^^ totower pdepiEelOO 

FIGS. 17 and 18 each illustrate other construction features 
*at are also found on some phase shift masks. At the top of 
FIG. 17, a crow-section of mask 500* is shown having a 
quam substrate 504* and a pair of chromium pads5« 
ovahuging a well 502- from opposite side,, or cWmium 
^ n 0 ". «° be undercut by wdl 50T. 

Additionally given mask SO* the expected secondary and 
backscatte electron waveforms 545- and 54C, respectfully 
are shown below and aligned with the ooss-secffimK 
toflustntethe correspondence between the various potions 
of the waveforms and the features of the mask. 

As expected, the shape of toe backscatter and secondary 

mJ!Z J™ * reMshown P"^y * FIG. IS. The 
dft^^T ".^ , ncg&tivc 8°">8 P°l*e S« and 568 in 
secondary and backscatter electron wavefcrms 545* and 
.respectfully, in the region of the under-cuts. This small 
negative puUe .» that point in each of the wavefoms results 
frmaiwtion rf the electro, beam (not mown) penetrating 

number of both backscatter and secondary dectrons being 
f~ to « d v « compared to the combination of me chromium 

SL^M^^t^. 71 '"' usin « * e conparison 
technique discussed above, this additional wavefemfeature 
can be used to further identify and distinguish masks that 
have under-cut chrome pads extending over a well. 

Similarly, at the top of FIG. 18, a cross-section of mask 
5»0 is shows having a quartz substrate 504* and on the top 

!!EEf 't2? *V J* rf < ' Mm P*^ 57* to provide 
additional phase shifting material. As before, the expected 
»"»adary .ad backscatter electron waveforms 545' and 

^LSSS 9, f0r ^ m ' m *<™ below IS 
aligned with the cross-sectioned mask to illnstrate the cor- 
respondence between the various portions of the waveform* 
and the features of the mask. 

The shape of the backscatter and secondary electron 
waveforms 545" and 546', respectfully. faTZ^TZ 
surfaces in this configuration of mask 500' show several 
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"J^^P**** pulse Hup*. Overtl, untight be 
opect^jbae «re man backscatter and seco«laiy%Jec- 
S^^TLm^ 1 ^ 011 of W™P«* 570 than in toe 
2£ 52^1 Sf* "I r 5~ ented ^ «rf»ce 544. This 
banc feature u the result of the additional thickness of the 
quart* m those regions. Another feature that is shown in each 
of the secondary tad backscatter electron waveforms, is that 

^Tl^ fQr U,0SC re * ons ccnesponding to surfaces 

544 slowly decrease as the region of each of quartz pads 570 
u approached from either direction. Similarly, the inverse 

545 that corresponds to the top of quare pads 570. narady, 
*ese«ndary electron waveform is greatest at those poinu 
that correspond to the outer edges of quartz pad 570end 

22 t ° Wanl tte <* nIff * *°k regions to dJ« 

direction. Backscattex electron waveform546* in the regions 
mat correspond to quartz pads S70 develops smaU peak 
• e ' F«* correspond to the corner, of quam 
pads 570 and u relatively flat between those small peaks. 
Additionally, secondary electron waveform 545' hasTo 
targe narrow pulses, as was the case when a well or a 
chromium pad was encountered (see FIG. 15). Thus, the 
comparison technique previously disclosed with respect to 
HG. 15. can also distinguish phase shift mataialfrom 
c^mtumpads and wells, whether or not they are under-cut, 
and thus is .We to detect the presence or absence of w^d 
or unwanted phase shift material and the size Md loLZn * 
ttat material from me resultant shapes in various region" 5 
the secondary and backscatter electron waveformT 
^As discussed previously, the detection of a defect merely 
requires me comparison of the signals, or waveforms, from 
a mask bang inspected with the signals from . supposedly 
idenncal sample or the calculated signal values from aUS 
base. This comparison can have different tolerance levels 
d^e^ng oa whether the portion of the waveforms 
obtuned at toat instant in time is from a chrome layer, from 
quartz, or other material or from a welL Thus, for example. 

identify the structure of the mask and the chanSstio of 
fJ^f-ZL I various factors of those wave- 

forms. Those factors of the waveforms to be considered to 
^the d^ed aistinctioas indude the heigh, ofTsX 
™Jt >" and .« rVimres such as 548 that correspond to, 
ar^make it possible to identify, trendies 502 and 514. 

That waveform analysis for identifying the different fea- 
tures of a phase shift mask i, simuaTto thTSmSc 
electrocardiograms, whic*nas1SS^ 
area of considerable research in the past (See G C Q.rv-v- 

aso^veform,-, Ph J). Dissertation, Umv.^fAteyland, 
Department of Computer Science, May 1977). This type of 
P**rn recognition appears in the literature of syntactic 
pattern recognition with the parsing of a sample by features, 
such as peaks and valleys. ^ 
Thus, when applied to phase shift masks, the bottom of 
the wells, or trenches, are distinguishable by a combination 
of waveform features, inducing the upward curvature of the 
secondary and backscatter electron waveforms at one of the 
l °™ s * asl feveb and signal spikes in the s^ndaj 
dectron waveform on both sides ofthe trench. The detection 
of that signal curvature corresponding to the bottom 
%2*\°L f< * any 00x1 feature neb as quartz on quartz (see 

Chapter 10, Two-Dimeusional Shape Representation- by 
Larry S. Davis, pp 233-245 of Handbook o/Pattern R Z 
ognition and Image Processing, Academic Press, Inc. San 
Diego, Calif.. 1986. 



Additionally, each of die signal processus mah*u ai*. 
cusKd in each of die Inst two^fc^SdS.Sb?o^ 

depeodug on the features of the mask, u wdiWh^Z 
asnbkincoiabiMtionwiihtliedae^ciilLi^ 

^ While this invention has been described in »everU mofc, 
of operation and with exemplary routines and awaiWit 

the preceding descnpooos and studying the (tawinnTwrn 
reatoe vanous alternative approached the 
f t* present invention. It is therefore inteWWtSttl toe 
foUowtng appended claims be interpreted as iSX.^ 
such alterations and modifications that fall wiS trS 
*ope tt> the present invention^ (RpJenS 

In summary, the present invention relies on making the 
lop surface of the mask to be inspected eScaUv 
conduce, and on the analysis of the ££^ S£S 
scatter electron wavrforms crested by melopology S» 
tofcences in atomic weight of the various anSS 

Qne may achieve electrical conduction along the too 
surface of the mask in ways other man co£g £ 
finished ^nuk a, illustrated and dowsed abovewlm «£ 
Oon to the vanous figures. Another technique would be to 
place a conductive, transparent coating, such as Indium tin 

2££ 5? ,Wf ? X of toe substrate before me 
patterned chromium layer is deposited on the substrate. If 
ttut technique is used, me conductive transparent coating 
between the patterned chromium layer pads would not have 

pn ° r to Ute * * e phase sbm { <* the 
intended purpose since the conductive laytr is transparent 
Alternately, the quartz substrate could be made conductive 
by ,on implantation. An advantage of permanently matog 
the quartt substrate conductive is that it facilitates ion beam 
repair of the mask and precludes damage due to static 
electrical discharge in normal use. 
. Father. the inspection technique of the present invention 
is not umtted to use with phase shift masks that perform, 
phase shift that is determined by the etched pWoftiie 
qusm substrate. A phase shift mask was used inthe above 
** present invention for convenience sSreS 
permitted discussion of various mask patterns. Olostrated the 
versatility of technique, that oo e would use for inaction of 

Z^r^^ 8 ^ 01 " Ud ^ comptaeXoTme 
inspection based only on the secondatyand backscanex 
electron waveforms created in an electron beam inspection 
environment. u»j«*wo 

Thetertniques of thepreseat invention provide to the 
inspection of many different types of optical masks. Per 
«ny wperimposed material, such as spin-on glass 
can also bed^gm^ frem die sub^te ^ 
and wfll produce secondary and backscatter electron wave- 
forms that make it possible todetanrine the thickness of the 
1ST" FWba - * tteoua£in 8 phase shift masks, 

such as those that include leaky chromium?* other attend 
•ting material, can also be inspected with the techniques of 
me present invention as discussed above Simfl»ly it is easy 
to seethat the present invention also provides a method for 
inspecting optical proximity masks. 

What is claimed is: 

1. A system to automatically inspect an optical mask, said 
system comprising: 

film coating system to apply a conductive coating to a too 
surface of said optical mask to produce a conductive 
optical amir, 



